The coefficient of friction of most solid objects is independent of the applied normal force because of surface roughness. This behaviour is observed for a finger pad except at long contact times (greater than 10 s) against smooth impermeable surfaces such as glass when the coefficient increases with decreasing normal force by about a factor of five for the load range investigated here. This is clearly an advantage for some precision manipulation and grip tasks. Such normal force dependence is characteristic of smooth curved elastic bodies. It has been argued that the occlusion of moisture in the form of sweat plasticises the surface topographical features and their increased compliance allows flattening under an applied normal force, so that the surfaces of the fingerprint ridges are effectively smooth. While the normal force dependence of the friction is consistent with the theory of elastic frictional contacts, the gross deformation behaviour is not and, for commonly reported values of the Young's modulus of stratum corneum, the deformation of the ridges should be negligible compared with the gross deformation of the finger pad even when fully occluded. This paper describes the development of a contact mechanics model that resolves these inconsistencies and is validated against experimental data.
Introduction
The finger pad is a particularly interesting region of glabrous skin because of its role in touch and grip, which critically depend on normal and tangential mechanical interactions [1] . In touch, for example, the tactile perception of softness is partly determined by the compressive deformation of the finger pad, because the resulting subsurface strain fields affect how slowly adapting cutaneous mechanoreceptors respond [2] [3] [4] . While in grip, for example, skin hydration governs the contact area that develops during compressive and tangential loading and this affects both the static friction forces [5] and the dynamics of how slippage occurs [6] . Understanding compressive and tangential interactions in a relatively small force regime (less than 2 N) is also important in the design of effective flat-screen haptic displays [7, 8] .
Friction arises from the dissipation of energy at the interface and in the bulk, which may be approximated by the two-term model as the sum of the adhesion and deformation components [9] . The adhesion component is the product of the contact area, A, and the interfacial shear strength, t (refer to appendix A for the nomenclature used in this paper and the electronic supplementary material). It accounts primarily for the friction of glabrous skin, because measurements of the rolling friction of the inner forearm established that the deformation coefficient of friction is considerably smaller for sliding against smooth surfaces [10] . Hence, as is described below, friction measurements as a function of load allow the contact area to be probed, provided that account is taken of the pressure dependence of the interfacial shear strength. A deformation component could arise from subsurface viscoelastic hysteresis or from the energy dissipated by abrasion against rough surfaces [11] . For example, it has been argued that & 2017 The Author(s) Published by the Royal Society. All rights reserved.
this mechanism would be more important for sliding against ridged surfaces [12, 13] .
During continuous sliding against a smooth impermeable surface, the friction of a finger pad, F, depends on the normal force, W, to some power n [ ½2=3, 1, viz., F ¼ k f W n , where n is termed the frictional load index and k f is a load-dependent coefficient of friction [1, 14] . It has been shown recently that, during a period of tens of seconds, n tends towards a steady-state value of about two-thirds from an initial value of about unity [15] . The latter corresponds to the dry Coulombic limit, viz., F ¼ mW, where m is the coefficient of friction that is independent of the normal force. However, in the fully occluded state, m ¼ k f W 21/3 and hence m increases with decreasing normal force. This could be an advantage in some precision manipulation and grip tasks in both the fully occluded state or when smooth objects are damp.
Multiple asperity contacts exhibit Coulombic rather than nonlinear friction [9] and, reasonably, it might be expected that this would be the case for finger pads, which are topographically rough. It was believed that the reduction in n arises from the moisture secreted by the large number of sweat pores in the fingerprint ridges, which plasticizes the stratum corneum, so that the surface topographical features become flattened under the action of a normal force. This was termed an occlusion mechanism and involves a mechanical transition of the stratum corneum from a glassy to a rubbery state [1, 14] . It was also observed that there was a corresponding increase in the coefficient of friction that was ascribed to the increase in the contact area arising from the topographical flattening, assuming that the reduction in the interfacial shear strength owing to the plasticization was a much smaller factor.
The contact mechanics, and hence the contact area, are influenced by the characteristic length scales associated with the curvature of the gross geometry, the shape and pattern of the fingerprint ridges, as well as the topography of the ridge surfaces. According to the Hertz equations [16] , if it is assumed that a finger pad in the fully occluded state is treated as a smooth linear elastic body with the fingerprint ridges having a trapezoidal cross section, the gross contact area, A g , would scale with the normal force as a power m g ¼ 2/3. Moreover, if complete topographical flattening of the ridges occurred in the fully occluded state and the contact width of the ridges is independent of the normal force, then the ridge contact area should also increase with a load index of m r ¼ 2/3, because the governing factor would only be the increase in the number of contacting fingerprint ridges with increasing load [15] . On this basis, according to the adhesion model, n should be equal to 2/3. In practice, the steady-state value of n can be slightly greater than 2/3, because the interfacial shear strength, which arises from the intermittent formation and rupture of molecular junctions at the sliding interface, depends linearly on the mean contact pressure, p ¼ W/A, i.e. t ¼ t 0 þ ap, where t 0 is the intrinsic value of t at p ¼ 0 and a is a pressure coefficient [14] . Consequently, the frictional force is given by F ¼ t 0 A þ aW, so that n depends on the relative values of the two terms although the frictional load index for the finger pad in the fully occluded state is approximately 2/3 [15] , which suggests that the second term is relatively small.
A major difficulty with the above simple model of a finger pad as a smooth, linearly elastic, ellipsoidally capped body, with the contact area reduced by the valleys between the finger pad ridges, is that the normal force dependence of the gross contact area is not Hertzian, even though the contact area of the fingerprint ridges seems Hertzian on the basis of the load index of the friction. The load dependence of the contact area depends on the finger selected, the orientation of the finger and possibly the load range considered as reviewed by van Kuilenburg et al. [17] . The frictional measurements described previously were recorded using an index finger in a relatively parallel orientation to the counter-surface and with a normal force range of 0.02-2 N [15] . It has been reported by Soneda & Nakano [18] , using an optical method, that the values of m g and m r are 0.52 + 0.06 and 0.68 + 0.09 for an index finger in a similar orientation and in the load range 0.1-5 N. A corresponding value of m r ¼ 0.58 + 0.017 was reported for the load range 0.03 -1.6 N using ink impressions [19] . More recently, Lin et al. [20] have reported a relatively small value of m r ¼ 0.43 for a load range of 0.2 -2 N, but this was for a relatively flat orientation of the finger pad more relevant to grip. Optical coherence tomography has also established that the contact width of the ridges increases with the applied normal force to a power 0.17 for a load range of 0.14 -12 N [21] . This confirms that the ridges are deformable in the occluded state despite the gross finger pad being relatively soft. That the index is smaller than the value observed for the whole finger pad was ascribed to the relatively small area that could be scanned.
The aim of this paper is to understand why the friction of a fully occluded finger pad apparently may be described by Hertzian deformation although the gross loading behaviour is non-Hertzian. There are a number of papers that describe the application of finite-element analysis to a finger pad [22 -28] , which has the advantage of capturing the complex anatomical structure and geometry albeit involving significant approximation and computational cost. Pawluk & Howe [29] adopted a simpler approach by treating a finger pad as homogeneous and extending the Hertzian model in order to incorporate nonlinear elasticity coupled with linear viscoelasticity. The model was shown to account for the measured radial contact pressure distribution as a function of the applied load and the stress relaxation, with the longest relaxation time being approximately 3 s. The instantaneous elastic response was described by an empirical exponential function of the displacement owing to Fung [30] . Pawluk & Howe [31] also used this function to describe the velocitydependent loading curves of a finger pad as did Jindrich et al. [32] .
During loading, a finger pad is compressed against the distal phalanx. This is analogous to the indentation of a soft layer on a rigid substrate. If the ratio of the contact radius to the thickness of the layer is greater than about 0.1, then the subsurface stress field in the layer interacts with the rigid substrate, which acts as a constraint. Consequently, there will be an increase in the measured elastic modulus of the layer compared with that for a half-space. This is consistent with the measured upper bound of the gross contact area of a finger pad that has been measured for loads of greater than approximately 5 N [33] . There is an extensive literature on modelling the indentation of layered solids but they involve layers of uniform thickness [34] that would not be applicable to the ellipsoidal geometry of the finger pad with a central hard bone. A phenomenological approach is proposed here that captures the physics of the induced rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20160935 constraint and that is consistent with the loading behaviour. The rate dependence is neglected in this work, because the relaxation times of the finger pad are short compared with the occlusion times associated with the frictional behaviour described previously [15] . They are also short compared with the times involved with measuring the contact areas, which includes the measurements made in this work using ink impressions. An advantage of the approach is that it allows the deformation of the fingerprint ridges to be modelled and hence also their contact area as a function of load. There is some evidence from confocal microscopy that the surfaces of the fingerprint ridges have pronounced curvature [35] rather than being flat and additional such topographical data will be presented later. Consequently, their geometry will be described as being cylindrically capped. A concentric circular representation of a fingerprint will also be adopted, which has been employed previously [36] but which corresponded to a planar finger pad, and the ridges were assumed to have a trapezoidal cross section. The shape of the ridges was partly based on optical coherence tomography data mentioned previously [21] but whether the peaks of the cross-sectional profiles were flat or circular was equivocal.
The undeformed finger pad may be approximated as an ellipsoidal cap with a mean radius of curvature, R 0g , that depends on the contact location and hence on the orientation of the finger. A method for calculating R 0g from the three semi-axes of the ellipsoid is described in the electronic supplementary material, as well as procedures for obtaining the semi-axes from photographic images.
Experimental

Finger pad
The measurements were carried out on the left-hand index finger of the subject (female aged 27 years), who gave her informed consent. The finger pad was cleaned by wiping with a dilute (10%) aqueous solution of the surfactant Neutracon (ex Decon Laboratories Ltd, UK), rinsed thoroughly in copious amounts of demineralized water, dried with tissue paper and allowed to equilibrate for at least 120 s before any measurements were made.
The values of the three ellipsoidal semi-axes characterizing the undeformed gross geometry of the finger pad were obtained from photographic images taken in three planes. By accounting for the orientation relative to the inclined finger support at angles of 308 and 458, it is possible to calculate the mean radii of curvature (see the electronic supplementary material).
A silicone elastomer impression material (Silflo, ex Cuderm, USA) was used to obtain negative replicas of the finger pad. Surface texture imaging of the replicas was carried out using a three-dimensional optical profiler (S neox, ex Sensofar-Tech, Spain), in order to characterize the fingerprint ridge geometry and spacing.
Compression
A Universal Materials Testing Machine (model no. 5566, ex Instron, UK) with a 10 N load transducer was used to measure the loading behaviour of the finger pad in addition to the evolution of the contact area. A glass plate (20 Â 20 mm), which acted as a platen, was mounted on a rod using double-sided adhesive tape, and the rod was attached to the load transducer. A finger support wedge was fixed to a rigid stand on the base plate of the testing machine as shown in figure 1. Double-sided adhesive tape was attached to the sloping surface of the wedge in order to fix the position of the finger, so that the dorsum was elevated at angles of either 308 or 458 with the respect to the axis of the distal phalanx. The position of the cross-head of the testing machine was adjusted, so that there was a sufficient initial air gap between the contact point of the finger pad and the platen in order to allow for the acceleration of the cross-head to the selected approach velocity, which was in the range 0.1-8 mm s
21
. The upper load limit was set to 4 N, which was greater than the range analysed (0-2 N), to avoid any errors owing to the deceleration of the cross-head as it approached the set load. The force and displacement data were recorded at 500 Hz, and all measurements were carried out in an environmentally controlled laboratory at 21 + 18C and 55+ 5% relative humidity.
Contact area
The finger pad was brought into contact with a rubber stamp pad (Dormy, no. 3) to apply a thin ink film. In the case of the contact area measurements, adhesive backed paper labels were attached to the glass plates. Finger pad compression was done using a cross-head velocity of 2 mm s 21 to 12 loads in the range 0.02 -2 N; with a 2 s dwell at each maximum load prior to decompression and four ink prints being taken for each load. The ink prints were scanned, and the gross and ridge areas were determined using image analysis software (IMAGEJ, http://imagej.nih.gov/ij/).
Results
The mean radii of curvature calculated for the finger pad orientations of 308 and 458 were calculated to be 18.7 and 13.2 mm using the method described in §2.1. Figure 2 shows a typical three-dimensional profile of the fingerprint ridges and line scans that demonstrate the approximately circular cross section of the peaks of the ridges. The rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20160935 topography was characterized by fitting arcs of a circle with radius R r and a centre-to-centre spacing of sR r . The values of R r and s are 0.32 (+0.02) mm and 1.33 (+0.01), which corresponds to a mean centre-to-centre distance of 426 mm. A simple geometrical analysis gives the peak-to-valley height to be 81
Comparable data were reported in a recent study of 26 subjects for which the centreto-centre distance was 458 + 71 mm, and the peak-to-valley height was 102 + 26 mm [37] . However, the authors did not comment on whether or not the ridges were cylindrically capped, and it is not obvious from the published image.
The compressive force as a function of displacement, j, for a velocity of 8 mm s 21 and orientations of the finger pad of 308 and 458, is shown in figure 3 . The compressive displacement, j, is obtained from the displacement of the platen such that j ¼ 0 corresponds to initial contact. The force at a given displacement is greater for the orientation of 458 compared with 308, and it was relatively independent of the displacement velocity for the range examined. Figure 4 exemplifies a typical finger print image obtained at a normal force of 2 N and orientation of 458. Figure 5 shows the gross and ridge contact areas (mean and + 1 s.d.), calculated from such images, as a function of the compressive force for orientations of the finger pad of 308 and 458. The data were fitted to a power-law expression of the following form that was discussed in the introductory section:
where k and m are the load coefficient and load index, and m ¼ m g and k ¼ k g when A ¼ A g , and m ¼ m r and k ¼ k r when A ¼ A r . The best-fit values of these parameters are given in table 1. Figure 6 shows experimental data for the gross contact area as a function of the compressive displacement for the two finger pad orientations; the maximum displacements correspond to a normal force of 2 N. 
Discussion
The values of m g and m r given in table 1 are smaller than those reported by Soneda & Nakano [18] that were discussed previously; the values of k were not reported by these authors. While the ridge indices (ca 0.5) are slightly less than the Hertzian value (0.67), the gross values are much less (ca 0.35). An important feature of such data is they demonstrate that the contact area of the ridges increases with increasing normal load at a rate that is greater than that of the gross finger pad. This must arise, because the ridges deform under a compressive load as discussed previously. The quality of the power-law fits in figure 5 is relatively poor for the gross areas, which indicates that the data do not accurately fit a simple power law. An alternative model is described below that accounts for the constraint provided by the distal phalanx. The loading curves measured here, examples of which are shown in figure 3 , have a similar exponential form to those published previously in the velocity range 0.2-80 mm s 21 [31] . However, in this previous work, the data appeared to be much more rate dependent but a greater range of velocities was examined, and the trend was not entirely systematic, which suggests that there were some uncertainties in the data. To be consistent with the observed Hertzian parabolic radial pressure distribution [31] , a finger pad also should exhibit Hertzian compliance as defined by the following expression [16] :
where R g is the effective radius of the finger pad; i.e. the radius of a sphere with the equivalent compression/contact area relationship.
The best fits to this equation are shown in figure 6 for the two finger pad orientations. From the gradients, the mean values of R g are calculated to be 20.5 + 0.4 mm and 14.5 + 0.4 mm for the orientations of 308 and 458. They are less than 10% greater than those calculated from the undeformed geometry of the finger pad (R 0g ¼ 18.7 and 13.4 mm), but this will inevitably involve some errors in fitting ellipses. In addition, as described in the electronic supplementary material, these values of the effective radii have to be corrected when applied to an ellipsoid, because the pressure distribution, and hence the displacements, are a function of the location on the perimeter of the elliptical contact region [16] . The corrected values are 19.9 and 14.0 mm, respectively, which is sufficiently similar to those obtained from the loading curves that it is reasonable to assume the Hertzian compliance relationship may be applied to the finger pad. Consequently, the radii from the compliance plots will be employed in subsequent calculations as being more representative of the measured contact mechanics.
Secant modulus and loading response
The Hertz equation for the loading of a finger pad in contact with a smooth rigid plane may be written in the following form [16] :
where the reduced elastic modulus is given by
g Þ such that E g and v g are the elastic modulus and Poisson's ratio of the finger pad; the value of v g was taken to be 0.5 [22] . If the loading could be described by equation (4.2), then the modulus, E g , would correspond to Young's modulus value, E 0g . However, because the loading is non-Hertzian (e.g. the data shown in figure 3 do not follow a power law with a displacement index of 3/2), E g is a secant modulus but it might be expected that E figure 7a as a function of displacement for the orientations of 308 and 458. The initial values are relatively large, approximately 300 kPa and rapidly decrease before gradually increasing. At small displacements, and hence at small contact radii, the upper layers of the skin will be sensed, because the maximum subsurface shear stress occurs at about 0.7a g for a Hertzian contact [16] , where a g is the contact radius. Consequently, the stratum corneum will make a large contribution to the modulus but in a complicated way given the nature of the anatomical structure and surface topography of the finger pad. The region of increasing modulus would then correspond to deeper and softer layers nearer the bone. For displacements up to approximately 0.9 mm in the region of increasing modulus, the rate of increase is relatively small, so that it may be regarded as approximately Hertzian with a modulus of approximately 40 kPa. This was found to be the case in previous work, and the calculated Young's moduli for a group of male and female subjects were 59 + 13 and 82 + 20 kPa [37] . These values were calculated using the geometric mean of the radii of curvature with a value of 13.3 + 3 mm. The angle of the finger pads was not stated but appeared to be comparable to approximately 308. If this were the case, then the difference would be explained partly by the smaller radius of curvature. In order to account for the constraint arising from the distal phalanx described previously, it was assumed that the relative change in the secant modulus was proportional to some power-law function of the strain as follows:
such that 1 [ ½0,1=C, where C is termed a constraint coefficient and 1 is the strain. As is described below, it was found that the experimental data could most accurately be described with h ¼ 3. Essentially, this is a consequence of the experimental observation that the secant modulus is a linear function of the load, as will be shown later in this section. The appropriate expression for the Hertzian strain [38] may be written as follows by substituting in equation (4.1) using a g ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi A g =p p :
ð4:4Þ
In the case of an ellipsoidal finger pad, both a g and R g are the radii associated with the equivalent spherical contact. Thus, from equations (4.3) and (4.4), the secant modulus may be written in the following form:
: ð4:5Þ
The maximum displacement was approximately 1.6 mm, which corresponds to a maximum strain of approximately 0.066 according to equation (4.4) and thus satisfies the condition 1 1/C for equation (4.3) . Strictly, the Hertz equation is only applicable to small strains but the limit is not clearly defined. However, in practice, it appears to fit experimental data to quite high strains; for example, maximum values of 0.08 [38] and approximately 0.3 [39] have been reported. Table 1 . Best-fit parameters of the contact area data (figure 5) to the power-law equation (3.1) . The values given in parentheses are standard errors. To derive an expression for the contact areas as a function of load, it is necessary to determine the influence of load on the secant modulus. Rearranging equation (4.5) yields
: ð4:6Þ Equations (4.2) and (4.6) lead to a linear relationship between E Ã g and W, as discussed previously Equations (4.2) and (4.5) lead to the following loading relationship: Table 2 . Geometric and mechanical parameters for the finger pad, as calculated using a fingerprint geometry given by R r ¼ 0.32 mm and s ¼ 1.33, and with the assumption that n g ¼ 0.5 and n r ¼ 0.3. The values given in parentheses are standard errors for the best-fit parameters R g ( figure 6 ) and E r (figure 8b), and standard deviations for the mean parameters E 0g (figure 7c), C (figure 7d ) and b. 
Gross contact area
The gross contact area may be obtained by substitution of equation (4.7) in the appropriate form of the Hertz equations given by equations (4.1) and (4.2) [16] are similar (29 and 28 kPa for 308 and 458 respectively, which are similar to the values obtained from the secant modulus analysis in §4.1). By comparing the curves in figures 5 and 8a, it may be seen that equation (4.9) is more accurate than a simple power law in fitting the A g data over the whole load range.
Ridge contact area
The ridge contact area as a function of load may be obtained by an elastic contact analysis of the geometry shown schematically in figure 9 . This analysis is described in appendix B, and leads to the following expression (equation B 9): 
Ridge elastic modulus
The measured nominal contact areas of the fingerprint ridges are plotted as a function of load in figure 8b and show the best fits of equation (4.10) to the data. The values of E r obtained from the fittings are 108 (+11) and 134 (+12) kPa for the orientations of 308 and 458. The fits are less accurate at the highest loads and this may arise from the variability associated with using ink prints to calculate the ridge areas, or deficiencies in the simple geometric model used in the elastic contact analysis.
That the values are approximately independent of the orientation of the finger pad within experimental error, as should be the case, provides some support for the validity of the model. However, the values are considerably smaller than the range of 1-1000 MPa typically reported for the Young's modulus of stratum corneum [40, 41] ; the large range arises partly from the sensitivity to the nominal moisture levels and strain rates at which the measurements are made. Generally, for ex vivo samples, such values are obtained by tensile measurements, which may behave differently from in vivo stratum corneum, and is associated with experimental uncertainties such as eliminating the natural crimping. In vivo indentation measurements are complicated by the multilayer structure of skin and the underlying tissues, and the through-thickness moisture gradient. Consequently, the results depend on the indenter geometry and indentation depth [40] and the model used to interpret the data. Thus, the reported Young's moduli are essentially ill-defined mean values over the stress field of the subsurface volume on which the indenter acts.
Dynamic optical coherence elastography is a much more direct method for measuring the in vivo biomechanical properties of skin, because the spatial resolution and directionality are clearly defined. Using this technique, Liang et al. [42] have reported values of the Young's modulus in the range 23-300 kPa depending on the hydration state of the stratum corneum and the applied frequency. The current values are within this range and thus provide further evidence of the reliability of the model. More conclusively, the current values of the ridge modulus are only about a factor of three greater than those of the gross finger pad at small strains and are comparable at larger strains. If the ridge modulus was much greater, then the ridge deformation under the action of a normal force may be insufficient to account for both the observed ridge contact area and the frictional behaviour.
Rate dependence
The application of a linear elastic model of the finger pad that is homogeneous and isotropic but is constrained by the distal phalanx is consistent with the loading behaviour and the gross and nominal contact areas of the fingerprint ridges. Phillips & Johnson [43, 44] established the value of such models, but without constraint, by the close agreement between the calculated strains arising from the contact with gratings and the measured response of one type of mechanoreceptor (SAI) that innervates the finger pad. However, clearly it is not possible to determine accurately the subsurface stress field with this approach, because the structure of finger pad involves two outer layers of skin comprising the epidermis and dermis and an inner region of biphasic fat and water in addition to the distal phalanx. The deformation of the skin is viscoelastic and anisotropic [45] , and it is probable that the fatty component will be poroelastic with a Poisson's ratio that is a function of strain. Pawluk & Howe [29, 31] have established that the deformation of the finger pad is rate dependent but, for the range of displacement velocities examined here, the behaviour appears to be approximately steady state even though the deformation time at the highest velocity exceeds the relaxation time determined by these authors. They also demonstrated that the separation of the strain and strain rate is a viable strategy for deriving analytical solutions of the contact mechanics. For example, incorporating the strain rate dependence is critical for understanding the performance of flat-screen haptic displays based on vibration at ultrasonic frequencies [8] .
Conclusion
An analytical elastic contact model, based on a geometrical simplification of the finger pad and the fingerprint ridges and a secant modulus that is linearly proportional to the load, gives expressions for the gross and ridge contact areas as a function of load. They are consistent with experimental contact area data obtained both directly from ink print images and indirectly from friction measurements of a finger pad against smooth surfaces. The Young's modulus of the ridges calculated from the experimental data using this model is considerably less than the wide range of reported values of stratum corneum using mechanical measurements even at high water activities. This finding is consistent with values obtained more directly using dynamic optical coherence elastography. Moreover, the current values are of the order of that for the gross finger pad, and this is essential for there to be sufficient deformation to account for both the ridge contact area and the frictional behaviour. This also highlights the difficulty of obtaining and interpreting the Young's modulus from mechanical measurements. The model is limited to the fully occluded state where it is reasonable to assume that the fingerprint ridges make complete contact with the surface owing to the plasticization induced by the secretion of moisture as sweat. In the initial and partially occluded states, it will be necessary to account for the influence of the topography of the ridge surfaces that are not completely flattened owing to the limited plasticization [46] . However, in these states, the model may still be used to calculate the gross contact area.
Ethics. The experimental protocols adopted for in vivo finger compression were approved by the local ethics committee, and the subject provided informed consent. In order to calculate the nominal contact area of the ridges, the finger pad was simplified to a spherical cap of radius R g with concentric cylindrically capped fingerprint ridges of radius R r and spacing sR r between their centres as shown schematically in figure 9 , which is consistent with the topographical data shown in figure 2. It is clear from figure 4 that the contact is non-circular, but the spherical cap model is assumed to be an equivalent axisymmetric point contact. It is also assumed that the spherical cap is compressed along its axis of symmetry against a smooth rigid platen, irrespective of the orientation of the finger pad, which is accounted for by the equivalent radius of curvature. The expression for the Hertzian radial pressure distribution [16] is modified by incorporating the load dependence of the modulus given by equation (4.7) as follows:
where r is a radial coordinate with an origin at the centre and in the plane of the platen. In practice, the radial pressure distribution will be lumpy, rather than a smooth parabolic Hertzian profile, owing to the presence of the fingerprint ridges. However, the relative contribution of the ridges will decay with increasing normal load as R r /a g ! 0. 
